Introduction
As one of the promising candidates for photovoltaic applications, organic solar cells (OSCs) have drawn considerable attentions recently due to their properties in terms of light coupling and photocurrent generation, as well as the prospect of large-area production and low-cost processing [1, 2] . Many organic semiconductors exhibit very high absorption coefficient, making them promising for photovoltaic devices. However, the short lifetime and diffusion length of excitons result in ultrathin active-layer (typically few hundreds nanometers) configuration in OSCs. The configuration limits the light absorption efficiency, and thereby the power conversion efficiency. Having unique features of tunable resonance and unprecedented near-field concentration, plasmonics is an enabling technique for light manipulation and management [3] .
Although various optical designs and physical mechanisms have been studied both experimentally [4] [5] [6] [7] [8] [9] [10] and theoretically [11] [12] [13] [14] [15] [16] to improve the optical absorption of OSCs by incorporating metallic nanostructures, the effects of plasmonic nanostructures on the electrical properties of OSCs is still not fully understood. Hence, it is highly desirable to study the changes of electrical properties induced by plasmonic structures and the corresponding physics for OSCs, which will open a new way to design high-performance photovoltaics and explore novel functionalities of plasmonic nanodevices.
In this work, we develop a multiphysics model for plasmonic OSCs by solving the Maxwell's equations and semiconductor equations (Poisson, continuity, and drift-diffusion equations) with unified finite-difference method. Both the optical and electrical properties of OSCs incorporating a 2D metallic grating anode are investigated and analyzed. For typical active polymer materials, low hole mobility, which is about one magnitude smaller than electron mobility, dominates the electrical property of OSCs. Since surface plasmon resonances excited by the metallic grating will produce concentrated near-field penetrated into the active polymer layer and decayed exponentially away from the metal-polymer interface, a significantly nonuniform and extremely high exciton generation rate will be expected near the grating, which is also verified by our multiphysics model. Interestingly, we find that the reduced recombination loss and the increased open-circuit voltage can be achieved in plasmonic OSCs. The physical origin of the phenomena lies at direct hole collections to the metallic grating anode with a short transport path. In comparison with the plasmonic OSC, the hole transport in a 1D multilayer standard OSC experiences a long transport path and time because the standard planar OSC has a high exciton generation rate at the transparent front cathode. The unveiled multiphysics is particularly helpful for designing high-performance plasmonic organic photovoltaics.
Theoretical model
The multiphysics of plasmonic OSCs are governed by Maxwell's equations and semiconductor equations (Poisson, continuity, and drift-diffusion equations). The unified finite-difference (FD) approach is adopted to model both the optical and electrical properties of OSCs. Regarding both Maxwell's equations and semiconductor equations, the FD method will generate sparse matrices, which can be rapidly and efficiently inverted by the multifrontal algorithm [17] .
For investigating optical properties of OSCs, the finite-difference frequency-domain method (FDFD) presented in our previous work [18] is employed to solve wave equations with the Yee lattice. The perfectly matched layer absorbing boundary condition is used to simulate the infinite air region implemented at the top and bottom sides of OSCs. With the aid of Floquet theorem, the periodic boundary condition is imposed at the left and right sides of OSCs for describing device structures with periodic metallic gratings. After obtaining electric-fields, the exciton generation rate can be written as
where h is the Planck constant, n c = n r + ik i is the complex refractive index of the active polymer material, E is the electric field, and Γ is the solar irradiance spectrum of AM 1.5G. In view of a two-dimensional OSC structure, the Maxwell's equations can be decoupled into a TE and TM modes. Hence, the exciton generation rate is the average value of those for TE and TM polarizations.
For studying electrical properties of OSCs, one should self-consistently solve the coupled nonlinear semiconductor equations (Poisson, continuity, and drift-diffusion equations) given by [19] [20] [21] [22] [23] ∇
In the above, ε is the dielectric constant of the polymer active material, q is the electron charge, φ is the electrical potential, and n (p) is the electron (hole) concentration. Moreover, µ n (µ p ) is the electron (hole) mobility which can be described by field-dependent Frenkel-Poole form [2, 21] , and D n (D p ) is the electron (hole) diffusion coefficient accessible by Einstein relations and mobilities. Furthermore, J n = −qµ n n∇φ + qD n ∇n and J p = −qµ p p∇φ − qD p ∇p are respectively electron and hole current densities, and G is the exciton generation rate of Eq.
(1) obtained with Maxwell's equations. Here, the recombination rate R is taken as Langevin bimolecular form [24] ; and the field-dependent exciton dissociation probability Q is evaluated by Onsager-Braun theory [25, 26] . Using the Scharfetter-Gummel scheme in the spatial domain and using the semi-implicit strategy in the temporal domain [19] , the 2D discretized forms of Eqs. (2), (3), and (4) are respectively given by
where B(x) = q . It should be noted that the Gummel's method [19] has been incorporated in (5) to accelerate the convergence of the nonlinear semiconductor equations. Since the dependent variables (φ , n, p) in the basic equations are of greatly different orders of magnitude and show a strongly different behaviors in regions with small and large space charge, the scaling procedure must be executed to guarantee the numerical stability of the algorithm [19] . Here, we redefine 5 independent basic units as listed in Table 1 . Meanwhile, we keep the mathematical forms of nonlinear semiconductor equations unchanged. The boundary conditions play a key role in modeling electrical properties of plasmonic OSCs. The potential boundary condition for the Shockley contact is given by
where V a is the applied voltage, and W m is the metal work function. For the ohmic contact, the built-in potential is the potential difference between the highest occupied molecular orbital (HOMO) of donor and lowest unoccupied molecular orbital (LUMO) of acceptor. The Neumann (floating) boundary condition is used to truncate the left and right boundaries of OSCs, i.e.
where N are the normal vectors of the left and right boundaries of OSCs. The boundary conditions for the top and bottom electrodes can be written as
, for anode (11) where N c and N v are the effective density of states of electrons and holes, respectively. ψ n b is the injection barrier between the LUMO and the cathode, and ψ p b is the injection barrier between the HOMO and the anode.
The spatial steps of Maxwell's equations and semiconductor equations depend on the material wavelength and carrier Debye length, respectively. Regarding typical OSCs, we use the uniform grid to discretize Maxwell's equations and semiconductor equations with a spatial step of 1 nm. The time step of semiconductor equations can be evaluated by [19] 
where C is a tunable constant. For OSCs, C ≈ 100 from our numerical results. 
Results and discussions
Figure 1(a) shows the schematic pattern of a bulk-heterojunction OSC. The P3HT:PCBM is used as a blend active layer. The cathode and anode of the OSC comprise the transparent and conductive material TiO 2 and the Ag-PEDOT:PSS-Ag (lateral) grating layer, respectively. The standard cell, which replaces the Ag-PEDOT:PSS-Ag grating layer by a PEDOT:PSS flat layer, is also modeled. The device parameters used in the simulation can be found in [27, 28] . Figures  1(b) and (c) show the exciton generation rates in the active layer by solving Maxwell's equations. Critically from the standard cell that shows high exciton generation rate near the transparent cathode, the plasmonic cell exhibits very dense exciton generation near the Ag grating anode. Figure 1(d) shows the corresponding current density-voltage (J-V) curves. Table 2 lists the main characteristic parameters of plasmonic and standard cells. A significant improvement (50% increase) in the short-circuit current can be observed in the plasmonic OSC, which is attributed to the excited surface plasmon resonance for the TM wave and the light trapping effect for the TE wave induced by the metallic grating nanostructure. More intriguingly, the plasmonic grating structure does not reduce the open-circuit voltage of OSCs qualitatively but increases it a bit. The interesting phenomenon seems not to be intuitively understood because more nonuniform and denser exciton generation occurs in the plasmonic cell leading to locally enlarged bimolecular recombination rate proportional to electron and hole concentrations at the initial time. However, the open-circuit voltage depends on the spatially averaged recombination loss at the steady case but not the initial recombination rates. The locally boosted recombination rates at the initial time still can yield smaller recombination loss if the transport path of photogenerated carriers are significantly shortened. In other words, fast collection time of carriers hopping from generation sites to electrodes could reduce recombination loss and thus induces larger open-circuit voltage. For a typical class of organic materials, such as P3HT:PCBM, hole mobility is about one magnitude smaller than electron mobility. Hence, the sweep-out or collection time to electrode is particularly unbalanced for electrons and holes. Having slow collection time, the hole transport will determine the recombination loss of OSCs. On one hand, the grating anode in the plasmonic cell strongly enhances the exciton generation rate nonuniformly distributed near the metal grating due to the exponentially decayed surface plasmon waves away from the Ag/P3HT:PCBM interface. On the other hand, the grating anode facilitates the hole collection with a very short transport path and hopping time. Contrarily, the hole transport in the standard cell experiences a long path because of the high exciton generation rate near the cathode. To demonstrate this point, we calculate the spatially averaged exciton dissociation probability and recombination loss at the steady state [20] as listed in Table 3 . The averaged recombination loss can be defined as
where U = QG − (1 − Q)R is the net generation rate. The recombination loss of the plasmonic cell is smaller than that of the standard cell with larger photovoltages at maximum power and open-circuit conditions. To further confirm our argument, we define dummy exciton generation rates for the plasmonic and standard cells respectively as
where G c = 2.14 × 10 28 m −3 s −1 and L g = 20 nm. Here, we remove the amplitude difference in exciton generation rates between plasmonic and standard OSCs and enlarge the nonuniform feature of the exciton generation. For the dummy case, the hole mobility is set to be two order of magnitude lower than electron mobility resulting in the increased recombination loss. We recalculate the J-V curves of the plasmonic and standard OSCs as shown in Fig. 2 . The significant drops in the open-circuit voltage and fill factor can be clearly observed for the standard cell due to undesirable hole collections with longer sweep-out time or hopping path. Thus the exciton generation should be carefully manipulated to reduce the recombination loss, increase the open-circuit voltage, and improve the fill factor. This is helpful to design high-performance organic photovoltaics particularly for those with the active material of unbalanced electron/hole mobilities.
Conclusion
We investigate the optical and electrical properties of OSCs with a metallic back grating as the anode. Due to favorite hole collections with the short transport path and sweep-out time, the recombination loss of the plasmonic OSC can be smaller than that of the standard cell leading to larger open-circuit voltage. The work establishes a multiphysics framework to seamlessly integrate optical with electrical properties of plasmonic OSCs. The physics unveiled is also useful for designing high-performance organic photovoltaics.
